Si 1-x Ge x /Si 1-y Ge y /Si(100) heterostructures grown by Molecular Beam Epitaxy (MBE) were used in order to study B surface segregation during growth and B lattice diffusion. Ge concentration and stress effects were separated.
I. INTRODUCTION
The control of dopant redistribution during growth of heterostructures is a crucial issue for the realization of ultimate devices. The main physical problem to overcome is the tendency for dopant atoms to segregate to the surface during epitaxial growth. This renders difficult the formation of ultra-shallow junctions and of locally doped nanostructures such as quantum wells, wires or dots 1 . For Si 1-x Ge x /Si heterostructures, the situation is complicated by the fact that redistribution processes will depend on both Ge concentration and compressive stress due to the Si 1-x Ge x /Si lattice mismatch. The intrinsic influence of these two effects is unclear since experiments are often carried out with epitaxial films on Si. In a recent analysis of Sb surface segregation during MBE growth of Si 1-x Ge x /Si heterostructures, we have separated the effects of Ge concentration and compressive stress 2 . We showed that Sb surface segregation: i)
decreases with increasing Ge concentration in unstressed layers, and ii) increases with Ge concentration in compressively stressed layers (epitaxy on (100)Si). The Ge concentration and the compressive stress have thus opposite effects. Taking into account the dependence of this redistribution process on both thermodynamics (Sb segregation energy) and kinetics (Sb diffusion close to the surface), the contrasting behaviors of stressed and unstressed films were explained by a decrease of the segregation energy due to Ge addition, combined with an increase of diffusion in stressed layers. Measurements of the Sb lattice diffusion in the same layers corroborated this last statement and showed that the diffusion of Sb increases with Ge concentration in unstressed films and increases with compressive stress 3 at constant Ge concentration.
The goal of this paper is to conduct a similar analysis allowing the discrimination of concentration and stress effects on B surface segregation and diffusion. Apart from the practical interest of analyzing B redistributions, the comparison between B and Sb is interesting for several reasons:
-the three main factors which influence equilibrium surface segregation 4 , namely : a) surface energies (γ B > γ Si > γ Ge > γ Sb ), b) atomic sizes (r B < r Si < r Ge < r Sb ), and c) the nature of interactions (compound formation for B-Si, phase separation for Sb-Si) 5 are different for B
and Sb.
-moreover, the lattice diffusion mechanisms of these two dopants are different: B diffusion is mediated by interstitials while Sb diffusion uses vacancies 6 .
II. EXPERIMENT
In order to distinguish the stress effect from that of Ge concentration, we analyzed the B distribution profiles resulting from the growth of stressed and unstressed Si 1-x Ge x layers (0 ≤ x ≤ 0.2). These layers were grown in a Riber MBE system with a residual pressure typically ~ 10 -11 torr. Silicon was evaporated using an electron gun from a floating zone silicon crystal.
Germanium and boron were evaporated from effusion Knudsen cells. Boron doped Si(100) wafers of nominal orientation (misorientation < 0.2 deg) were used as substrates. They were first cleaned and protected by an oxide layer using a standard chemical process. After introduction in the growth chamber, the wafers were annealed at 900°C to dissociate the surface oxide. A 50 nm thick Si buffer layer was then grown on the substrates at 750°C in order to achieve a reproducible initial Si surface; its quality was checked by the RHEED intensity of the (2x1) reconstruction. Two sets of structures were grown on the Si buffer, they (epitaxy on (100)Si). In both cases, the B diffusion coefficient decreases when Ge concentration increases in agreement with former studies on the influence of Ge on boron diffusion in Si 1-x Ge x layers [6] [7] [8] . The diminution observed for layers in epitaxy on (100) Si is larger than that observed for unstressed layers, showing that both Ge concentration and induced compressive stress lead to a decrease of the B diffusion coefficient. In our case, the influence of these two factors on the observed decrease is comparable, while former studies by Kuo et al 9 and Zangenberg et al 7 on stressed and unstressed Si 1-x Ge x layers have respectively attributed this decrease mainly to concentration 9 or stress 7 .
The influence of stress is confirmed in Figure 7 where Table I and presented next to the segregation coefficient on Figure 4 .
IV. DISCUSSION
The distinction between the influence of Ge concentration and epitaxial stress allows a better analysis of B surface segregation and diffusion in Si 1-x Ge x layers.
A. Boron surface segregation during growth Figure 4 shows that B segregation during the growth of Si 1-x Ge x layers: i) increases with increasing Ge concentration in unstressed layers, ii) decreases with compressive stress and increases with tensile stress at constant Ge concentration, iii)
decreases with increasing Ge concentration in layers for epitaxy on Si(100) (combined effect of Ge concentration and induced compressive stress).
It is important to mention that:
-the variations observed for B are opposite to that observed for Sb, e.g., Ge addition to layers for epitaxy on Si(100), decreases B segregation while it increases Sb segregation 2 ,
-the contrasting behavior observed as a function of Ge concentration, for B segregation in layers in epitaxy on (100)Si and in unstressed layers was also observed for Sb segregation 2 .
In order to understand these features, the same analysis as the one previously used for Sb segregation can be used, namely: shows perfect demixion. This would agree with an increase of the driving force for B segregation with Ge addition to Si.
The variations observed in unstressed layers lead thus to the conclusion that the increase of the segregation driving force has a more effective influence on B segregation than the decrease of the B diffusion coefficient. For compressed layers, the decrease of the B diffusion coefficient is larger. In that case, either the increase of the B segregation driving force is not sufficient to compensate this larger decrease of the diffusion coefficient or the addition of compressive stress induces also a decrease of the B segregation driving force. Given the small size of B, this second effect appears less probable.
It is important to notice that the conclusion drawn from the analysis of Sb segregation appears to be also valid for B. Namely, that for unstressed layers, the modification of the segregation driving force has a dominant influence while for compressively stressed layers the modification of the diffusion coefficient due to stress compensates this effect. Because these factors (segregation driving force and diffusion coefficient) are opposite for Sb and B, the modifications of surface segregation during growth are also opposite.
B. Boron lattice diffusion
In unstressed layers, the diffusion coefficient of B decreases with increasing Ge. Since the B diffusion mechanism in Si 1-x Ge x was shown to be mediated via interstitials (when x < 0.2 8, [11] [12] [13] [14] ), this decrease indicates a diminution of the efficiency of this mechanism. This may either be due to a decrease in the interstitial concentration and mobility 6, 7 or/and to a binding between Ge and B 9 .
At constant Ge concentration, the B diffusion coefficient decreases with a biaxial compressive stress and increases with a biaxial tensile stress. These variations can be used to analyze quantitatively the effect of a biaxial pressure on B diffusion through the activation volume. Providing diffusion takes place via a single diffusion mechanism, the activation volume is given by [15] [16] :
Where k is the Boltzmann constant, T the temperature and P the pressure.
The variations reported in Figure 7 lead to a positive activation volume: ∆V ~ 1.5 Ω (with Ω the lattice site volume). Let us recall that under hydrostatic pressure, the activation volume for B diffusion in Si is negative (∆V ~ − 0.2 Ω at T = 810°C) 16 which is in agreement with a diffusion mechanism via interstitial.
The situation is thus similar to that found for Sb: the activation volume under biaxial stress and hydrostatic pressure have opposite signs. This can be explained considering the theoretical model proposed by Aziz [18] [19] [20] . Considering this model, the contribution of the activation volume in the expression of the work performed by the system under hydrostatic pressure is written:
while under biaxial pressure it is written:
In these expressions, the + sign is for vacancy formation and the − sign for interstitial 
